In the bioethanol production process employing citrus peels, a large amount of enzymatic hydrolyzed residues is generated as waste material. The bioactive compounds, and antioxidant and anticancer activities of these residues were investigated in the present study. Hydrolyzed citrus residues exhibited similar antioxidant activity as the unhydrolyzed control, which was positively correlated to the contents of total phenols, flavonoids and total carotenoid. Some flavonoids (naringin, naringenin, hesperetin and neohesperidin) and two high value co-products (D-limonene and galacturonic acid) were detected only in hydrolyzed residues. In addition, hydrolyzed residues showed antiproliferative activity and sub-G1 arrest in human melanoma A375 and colon cancer HCT116 cells. These results provide an alternative use for hydrolyzed citrus residues in the functional food, cosmetic and pharmaceutical industries.
For the citrus processing industry the disposal of fresh peels has become a major concern for many factories. Citrus peels, the major solid by-product, have a high content of pectin, cellulose and hemicellulose, which make it suitable as a fermentation substrate when hydrolyzed. Several studies have been published on the potential of using enzymes to breakdown cellulose and pectin in citrus peel waste to produce sugars that could be fermented by microorganisms to produce bioethanol [1] [2] [3] . In the present study, an attempt has been made to explore the possibilities of enzymatic hydrolyzed citrus waste parts generated from bioethanol production as a functional nutraceutical and pharmaceutical source on the basis of their biomolecules with antioxidant and anticancer properties. Table 1 shows the total phenolic and flavonoid contents of hydrolyzed citrus wastes. Phenolic compounds include aromatic secondary plant metabolites, which mainly include flavonoids, phenolic acids, stilbenes, coumarins and tannins [4] . From the general concept, the more phenolic and flavonoid substances the sample contains the higher antioxidant activity it shows. In this study, the contents of total phenols were significantly higher for hydrolysis residues (21874 mg/g), while lower total flavonoid content (4874 mg/g) was noted when compared with unhydrolyzed control (20071 and 6225 mg/g, respectively) (p < 0.05) ( Table 1 ). These results are consistent with those of other studies. For example, total phenolic and flavonoid contents were increased after enzymatic hydrolysis of black current juice [5] , olive oil [6] , ginkgo leaves [7] , cactus pear [8] and apple skin [9] . It can be explained that pectinase and cellobiase not only degrade plant cell walls, but also improve the release of intracellular phenolic contents, except flavonoids.
Flavonoids are a widely distributed group of phenolic compounds, which have a wide range of biological effects, such as inhibition of key enzymes in mitochondrial respiration, protection against coronary heart disease and anti-inflammatory, antitumor, and antimicrobial activities [10] . Citrus fruit contains high levels of flavanones, as well as flavonols, which are very rare in other plants [11] . In the present study, six flavanones (naringin, naringenin, hesperidin, hesperetin, neohesperidin and narirutin) and one flavonol (rutin) were identified in the hydrolysed citrus peel extract, while hesperidin, narirutin and rutin were the main flavonoids detected in the unhydrolyzed control extract ( Table 2 ). This indicates that enzyme-based hydrolysis processes for ethanol affected the flavonoid distribution. The amounts of hesperidin in unhydrolyzed (305.7 mg/100 g) and hydrolysed residues (139.6 mg/100 g) of citrus in this work were the highest compared with amounts of other flavonoids ( Table 2 ). Hesperidin has been reported to reduce plasma/hepatic cholesterol [12, 13] and to suppress oxidative stress in vitro and in vivo [14] . Furthermore, it has been shown to protect animals against several chemically induced cancers [15, 16] . In this study, the amounts of hesperidin, narirutin and rutin were significantly lower in the hydrolysis residues than in the unhydrolyzed control (p < 0.05) ( Table 2 ). Hesperidin, narirutin and rutin are flavanone glycosides found abundantly in citrus fruits.
The results indicate that these glycosides were hydrolyzed into their respective aglycones, which led to decreased levels of hesperidin, narirutin and rutin ( Table 2) .
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Citrus oils are mixtures of volatile terpene hydrocarbons and oxygenated compounds [17] . D-limonene, the principal component of citrus oil, ranging from 88% to 95%, is often used as an additive in food products and fragrances, and as a natural pesticide and insect repellent [17] . It has also been studied for its anticarcinogenic properties [18] . The D-limonene content (mg/100 g, dry wt) is presented in Table 3 . Hydrolysis residues (105 mg/100 g) displayed significantly higher D-limonene values than the unhydrolyzed control (52 mg/100 g) (p < 0.05).
In Table 3 the influence of enzymatic hydrolysis on galacturonic acid production can be seen. The galacturonic acid yields after 3 h of enzymatic hydrolysis were 1.0 mg/100 g peel, dry matter, which is higher than that of the unhydrolyzed control. Galacturonic acid is a co-product of economic interest. It can be utilized in the food (as acidic agents), chemical (as washing powder agent and non-ionic or anionic biodegradable surfactants) and pharmaceutical industries (for production of vitamin C) [19] .
Carotenoids play an important role in plant reproduction. Along with phenolics they are responsible for bright colors. This chemical class acts as antioxidants, with functions that include protection of membranes against damage by free radicals and retardation of ageing processes [20] . Hydrolysis did not cause any observable change in total carotenoid compared with the control (Table 3) . Free radicals are involved in many disorders like neurodegenerative diseases, cancer and AIDS [21, 22] . Antioxidants, due to their scavenging activity, are useful for the management of these diseases [21, 22] . As seen in Table 4 , hydrolysis residues (IC 50 0.79 mg/mL) possess significantly higher nitric oxide scavenging activity than that of the control (IC 50 1 mg/mL) (p < 0.05). However, hydrolysis residues showed similar scavenging activities for other radicals as the unhydrolyzed control (Table 4 ).
In the present study, malignant human melanoma cells (A375) were treated with various concentrations (0-400 μg/mL) of hydrolysis residues for 24, 48 and 72 h, and then analyzed by MTT assay for cell viability, as shown in Figure 1A . Hydrolysis residues exhibited a significant growth inhibitory effect in A375 cells; a maximum decrease of 52-89% was achieved at 400 μg /mL ( Figure 1A) . The antiproliferative effects of the hydrolysis residues on human colon cancer HCT116 cells were also investigated ( Figure 1B) . The number of viable cells slightly decreased after treatment with enzymatic hydrolyzed citrus peels, and their cell viability decreased by 18-30% at 400 μg /mL ( Figure 1B) . Based on the results obtained, the hydrolysis residues were effective in inhibiting melanoma (A375) and colon cancer (HCT116) cell proliferations.
For the development of anticancer agents from natural products, it is important not only to screen the selectivity (or specificity) of the natural products on several cancer cells, but also to determine if the products exhibit any cytotoxicity to non-cancer cells. Thus, the effect of hydrolysis residues on non-cancer cells (human fibroblast TK6 cells) was tested. These showed no cytotoxic effects with any extract, indicating the potential specificity of the extracts against the target cancer cells ( Figure 1C ). Scavenging effect on nitric oxide radical 1.00 ± 0.04 0.79 ± 0.02 * † IC 50 , the concentration of citrus methanolic extracts that inhibited 50% of radicals. IC 50 was obtained by interpolation from linear regression analysis. Each values is expressed as mean ± standard deviation (n = 3). By FACS analysis of cell DNA content, there was a remarkable accumulation of subploid cells, sub-G1 peak, in A375 and HCT116 cells after treatment with hydrolysis residues for 24, 48 and 72 h when compared with the vehicle (DMSO) control ( Figure 2 ). Since sub-G1 peaks include early and late apoptotic cells, but also part of necrotic cells, such large sub-G1 fractions provide strong evidence for cytotoxicity induced by the hydrolysis residues resulting in the decrease in the number of viable cells.
Rates of nitrite production were determined in culture media following treatment for 24 to 72 h. As summarized in Figure 2 , time dependent increases in rates of nitrite production were observed in each cell type in response to treatments. A375 and HCT116 cells treated with hydrolysis residues for 72 h showed 8.4 and 2.2 fold increases in nitrite production rate, as compared with vehicle (DMSO) controls. The results from the present work show that enzymatic hydrolyzed citrus peels possess high total phenolic content and exhibit strong antioxidant and anticancer activities and they, therefore, may be developed as a natural antioxidant for the food industry and other fields. However, in order to say if the method can be applicable on an industrial scale and made economically feasible the subject has to be investigated further.
Experimental

Preparation of lyophilized citrus powder:
The fruit waste of Citrus unshiu after juice extraction (peel) was obtained from a local food processing company (Jeju Provincial Development Co., Jeju, Korea), lyophilized and then ground to a 40-mesh powder (Scientific Apparatus, Philadelphia, PA, US).
Enzyme hydrolysis and extraction:
The peels were hydrolyzed with cellulase and pectinase followed by cellobiase using the modified methods of Boluda-Aguilar et al. [23] and Wilkins et al. [1] . The enzyme blanks were prepared by incubating the samples in respective enzyme buffers (50 mM sodium acetate buffer at pH 4.8) without the enzyme. The hydrolyzates were centrifuged and the residues retained for analysis. The enzymatic hydrolyzed citrus peels were dried at room temperature and kept at -20°C until analysis. The methanolic extracts of unhydrolyzed and enzymatic hydrolyzed citrus peels were prepared as described in our previous study [24] , and analyzed for various functional properties, as described in the following section.
Quantitative analysis of total phenolic and flavonoid contents:
Contents of total phenol and flavonoid were determined by the method described previously [24] .
HPLC analysis of flavonoids:
A 20 μL aliquot of methanolic extracts was injected into a Shim-pack VP-ODS (C18) column (4.6 m × 150 mm × 5 μm; Shimadzu, Tokyo, Japan) of a Waters high performance liquid chromatography (HPLC) system equipped with a 626 pump, a 486 UV-VIS detector and autosampler (Waters, Milford, MA). The mobile phase for the HPLC system was (A) water/acetic acid (99.5/0.5, v/v); (B) acetonitrile/acetic acid (99.5/0.5, v/v) at a flow rate of 1 mL/min. The mobile phase program consisted of 4 periods: 0-10 min, 20% A; 10-16 min, 45% A; 16-20 min, 75% A; and 20-22 min, 20% A. The column was operated at 40°C, and the eluent was monitored with a singlechannel UV detector at a wavelength of 280 nm. The flavonoids were identified by comparing their retention times and UV spectra with those of authentic standards (ChromaDex, Irvine, CA, US). The content of each flavonoid was calculated from the integrated peak area.
GC-MS analysis of D-limonene:
A Shimadzu QP2010 Ultra gas chromatographic mass spectrometric (GC-MS) system, autosampler and real time analysis software were used for the analysis. A Restek Rtx-5MS capillary column (30 m × 0.25 mm i.d. × 0.25 μm) was used for separation. The injector temperature was 250˚C. The temperature program was started at 50˚C for 2 min and heated at 10˚C/min to 80˚C, increased by 20˚C/min up to 140˚C and then by 40˚C /min up to 280˚C. Sample injection was made in split mode (split ratio 20:1). High purity helium was used as carrier gas at a flow rate of 1 mL/min. Mass spectrometry was run in full scan mode (m/z 45-500) with a 200˚C MS source temperature and 2.5 min solvent cut time. D-limonene was identified by comparing the retention times and mass spectra obtained with those of an authentic standard (Sigma).
Galacturonic acid analysis:
Galacturonic acid was analyzed by ionic chromatography (Dionex, Sunnyvale, CA, USA) provided with a thermostated conductivity detector and a Dionex CarboPac TM PA 1 (4 × 25 mm) column. The flow was 1 mL/min and temperature 30°C. As mobile phase, 100% n-heptafluorobutyric acid was used.
Analysis of total carotenoid:
Aliquots of the methanolic solutions of unhydrolyzed citrus peel and hydrolyzed citrus residue extracts were used for quantification of total carotenoid content using a Spectra MR microplate reader (Dynex Technologies, Inc., Chantilly, VA, US). Total carotenoid content was calculated by measuring the absorbance at 470. 653 and 666 nm according to the equations reported previously [25] . All operations were carried out on ice under dim light to prevent photodegradation, isomerization, and other structural changes of the carotenoids.
Free radical (DPPH, superoxide, hydrogen peroxide and nitric oxide) scavenging assays: DPPH, superoxide, hydrogen peroxide and nitric oxide radical scavenging activities of unhydrolyzed citrus peel and hydrolyzed citrus residue extracts were determined as described in our recently published paper [26] . A dose response curve was plotted to determine the IC 50 values, which are defined as the concentration sufficient to obtain 50% of a maximum scavenging capacity. All tests were performed in triplicate.
Cell culture: A375 melanoma cells and HCT116 colon carcinoma cells were kindly provided by Dr G. N. Wogan (Massachusetts Institute of Technology). A375 cells were cultured in high glucose Dulbecco's modified Eagle's medium (DMEM) containing 10% heat-inactivated fetal bovine serum. HCT116 cells were maintained in McCoy's 5A medium supplemented with 10% heat-inactivated fetal bovine serum. Media were also supplemented with 100 units/mL penicillin, 100 μg/mL streptomycin and 2 mM Lglutamine, and cells were grown in a humidified incubator with 5% CO 2 at 37 ºC.
Cell viability assay:
Cell viability was determined by 3-(4,5dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric assay, as previously described [27] . 
